An assay system has been developed for the adenovirus endoproteinase which utilizes the synthetic peptide MSGGAFSW, derived from the cleavage site of the adenovirus type 2 (Ad2) protein pVI. MSGGAFSW was shown to be cleaved at the G-A bond when incubated with a source of Ad2 proteinase. Digestions were readily monitored by either fast protein liquid chromatography or thin layer electrophoresis, enabling the rapid production of quantitative data. Comparison of the peptide assay with a previously described [35S]methionine assay system showed it to be faster, cleaner and less prone to extreme conditions of pH and ionic strength. The effect on adenovirus proteinase activity of a number of inhibitors was assessed using both the [35S]methionine and peptide assays. Identical inhibitor profiles were obtained and these suggested that the adenovirus enzyme is a cysteine proteinase. The 23K gene product, thought to be the proteinase, contains cysteine and histidine residues at positions 122 and 54, respectively, that could constitute part of the active site of a cysteine proteinase. These amino acids and their surrounding residues are conserved in all serotypes examined and appear to bear some resemblance to those in the putative active sites of the 3C proteinases in picornaviruses.
INTRODUCTION
Many plant and animal viruses, including the adenoviruses, rely on the action of specific endoproteinases at one or more points in their infectious cycle. Virus-encoded enzymes are represented in three of the four main classes of proteinases. For example the retroviruses, including human immunodeficiency virus, code for aspartyl proteinases, picornaviruses for cysteine proteinases and alphaviruses for serine proteinases (Krausslich & Wimmer, 1988) . Classification of these enzymes is important in that it is determined by their reaction mechanisms and so is central to the design of specific inhibitors that could act as invaluable antiviral agents. Assigning a proteinase to a particular group is not always straightforward, but can usually be determined by examining its physical properties, drawing up an inhibitor profile and comparing its amino acid sequence with those of established proteinases (Barrett, 1977; Bond & Butler, 1987) .
The sequence of the adenoviral proteinase which is required for the assembly of mature virions has not been established with certainty. However, the indications from adenovirus type 2 (Ad2) mutant studies are that it may be the 23K product of the gene at map position 60 to 61-7 (Weber, 1976; Yeh Kai et al., 1983; . The proteinase has been shown to operate best at neutral pH and to be unaffected by EDTA . These two observations would usually rule it out of the aspartyl and the metallo proteinase classes, respectively (Barrett, 1977; Bond & Butler, 1987) . Thus it would appear that it is a serine or a cysteine proteinase. Enzymes in these classes can be distinguished by the effects of a range of inhibitors (Table 1) , but alignment of sequences showing the conserved active site residues is often required for absolute proof. Tremblay et al. (1983) describe viral protease and nuclear 0000-9098 © 1989 SGM protease assays for the adenovirus, both requiring [35S]methionine-labelled infected cell extracts as substrates. It has been shown that the nuclear protease was inhibited by diisopropylfluorophosphate (DFP) and the viral protease by TPCK Bhatti & Weber, 1979 b) . The viral proteinase has also been shown to be partially inhibited by PMSFand TLCK (Bhatti & Weber, 1979b) . Solely on this basis it has been accepted that the adenovirus proteinase is a chymotrypsin-like serine protease, although these authors point out a number of anomalies in their assays, including the activation of the viral but not the nuclear proteinase by DTT. This demonstrates the need for a cleaner assay system, excluding cell extracts so that any observations can be attributed to the enzyme and not to effects on complex substrates or additional components present. The work reported here describes the development of a simpler quantitative assay for the Ad2 proteinase, using synthetic peptides as substrates and detection systems based on fast protein liquid chromatography (FPLC) or thin layer electrophoresis (TLE). The assay was used to investigate further the effects of pH, ionic strength and selected inhibitors on the adenoviral proteinase activity. These results will be used to suggest that the enzyme is a cysteine proteinase rather than a serine proteinase.
METHODS
Preparation of disrupted adenovirus. Wild-type Ad2 was grown in suspension cultures of HeLa cells, extracted with fluorocarbon and twice purified on CsC1 density gradients (Russell & Blair, 1977) . The purified virus band from 8 1 of cells, infected at a multiplicity of 1 p.f.u, per cell for 72 h, was dialysed for 15 h at 4 °C against 10 mM o Tris-maleate, 20% glycerol, pH 6.8. The 5 ml of disrupted Ad2 obtained following dialysis was stored as aliquots at -20 °C.
Preparation of 35S-labelled substrate. HeLa monolayer cells were infected with wild-type Ad2 (Russell et al., 1967) at a multiplicity of 2 p.f.u, per cell. Forty-eight hours post-infection ceils were labelled for 1 h with 100 ~tCi [35S]methionine in 1 ml methionine-free medium. The cells from each 25 cm 3 bottle were harvested, washed three times in phosphate-buffered saline, suspended in 500 ~tl 10 mM-Tris-HC1 pH 7.0 and sonicated for four 15 s periods. The [35S]methionine-labelled extracts were boiled for 2 min to remove any endogenous proteinase activity, then split into 10 Ixl aliquots and stored at -20 °C.
[35S]Methionine-labelled substrate assay for proteinase activity. In a typical assay 10 ktl of the [3sS]methioninelabelled Ad2 was incubated with 5 pl of disrupted purified virus for 6 h at 37 °C and proteinase activity was analysed by assessing the cleavage ofpVII to VII using SDS-PAGE and autoradiography (Russell & Blair, 1977) . Where quantitative information was required gels were scanned on a Vitatron TLD densitometer and peak areas determined.
Peptide synthesis. The octapeptide MSGGAFSW was synthesized by solid phase fluorenyl methoxycarbonyl polyamide chemistry using a CRB Pepsyntbesiser II (Atherton et al., 1988) . The peptide was purified by reversed phase FPLC and its composition confirmed by amino acid analysis, as described below.
FPLC.
A reversed phase column (PepRPC, Pharmacia) was used to purify MSGGAFSW and to monitor its processing by the proteinase. The solvents used were 0.1 ~ (v/v) trifluoroacetic acid (TFA) in water (A) and 0.1 (v/v) TFA in acetonitrile (B). The peptides were separated with a solvent gradient from 0 to 100~ B in 35 rain. The flow rate was" 0.7 ml/min, the effluent being monitored at 226 nm and peak areas were determined using a Shimadzu C-RIB integrator. Fractions (0.7 ml) were collected and dried down for analysis as appropriate.
Syntheticpeptide assay for proteinase activity. Ten p.l of a 1 mg/ml solution of MSGGAFSW in 25 raM-phosphate buffer pH 7.0 was incubated with 5 ttl of disrupted, purified virus and 20 ~tl of 25 mM-phosphate buffer pH 7.0 for between 1 and 6 h at 37 °C. The reaction was stopped by the addition of 50 ~tl of 0.1 ~ (v/v) TFA. Samples were filtered through a 0.2 ktm filter and stored at -20 °C prior to analysis by FPLC or TLE.
TLE. TLE was carried out according to Kotler et al. (1988) with the exception that the buffer used was 1.5% (v/v) formic acid pH 1.9. Plates were developed with fluorescamine (Kotler et al., 1988) and photographed under u.v. light.
Amino acid analysis. Ten to 100 ~tg of peptide was hydrolysed in 300 p.16 M-HC1 for 5 h at 108 °C. Hydrolysates were dried in oacuo and amino acid analysis was carded out using reverse phase HPLC and pre-column derivatization with o-phenylenedialdehyde as described by Roth (1971) .
Inhibitor studies, p-Chloromercuribenzoate (PCMB), dithiodipyridine, leupeptin, soya bean trypsin inhibitor (SBTI), DTT, TPCK, TLCK and PMSF were obtained from Sigma, iodoacetic acid and N-ethylmaleimide (NEM) from BDH. PCMB was dissolved at 20 mM in 0.01 M-NaOH and diluted to 2 or 0.2 mM with 0.05 M-bicarbonate buffer pH 9-5. Iedoacetate was freshly prepared in 0.05 M-bicarbonate buffer pH 9.5. NEM, dithiodipyridine, SBTI and TLCK were prepared in 25 re_M-phosphate pH 7.0, dithiodipyridine was also prepared in 10 mM-Tris-maleate pH 5-0. Leupeptin was dissolved in 0-05 M-ammonium bicarbonate pH 7-5 and TPCK was dissolved in methanol at a concentration of 10 raM. Inhibitors were incubated with the purified disrupted virus for 10 rain at 37 °C. The final concentration of inhibitor in the preincubation was 1 raM, with the exception of PCMB, which was also tested at 0.1 raM, PMSF which was added as a solid to a final concentration of 5 mM, leupeptin (2 ~tM) and SBTI (0-1 mg/ml). Control incubations with the corresponding amount of the appropriate buffer or methanol were also prepared. Following the preincubation with inhibitor the [3sS]methionine or peptide assays were carried out as described above.
Trypsin assay. Trypsin was assayed using benzoyl arginine-4-nitroaniline as described by Geiger & Fritz (1984) .
RESULTS

[35 S]Methionine assay
Ad2 was labelled with [3SS]methionine for 1 h late in infection and 10 Ixl of the resulting cell extract was incubated in the presence and absence of proteinase for 2 h at 37 °C. In the absence of proteinase a strong band was present with the mobility expected for pVII, but no VII was visible ( Fig. 1 a, lane 1) . In the presence of proteinase there was more than 50 % digestion of pVII to VII (Fig. 1 a, lane 2) . Thus, by labelling Ad2 with [35S]methionine it was possible to produce a suitable substrate for use in the assay procedure described by Bhatti & Weber (1979 a) without the use of the Ad2 tsl mutant.
Peptide assay
Octapeptides based on the pVI and pVII cleavage sites have been synthesized and shown to be cleaved by the adenovirus proteinase (Webster et al., 1989) . The pVI peptide contained a tryptophan residue which aids detection and so this peptide (MSGGAFSW) was selected for the development of a peptide-based assay. Analysis by FPLC indicated that MSGGAFSW eluted as a single peak at 25 % acetonitrile using the gradient described (Fig. I b, top panel) . Incubation of the peptide with disrupted purified virus prior to FPLC analysis produced two additional peaks (Fig. I b, lower panel) . The peaks labelled 1 and 2 were collected and subjected to amino acid analysis. Peak 1 was shown to contain methionine, serine and glycine in the ratio of 1 : 1 : 2, while analysis of peak 2 revealed equimolar amounts of alanine, phenylalanine and serine. Under the hydrolysis conditions used, tryptophan was destroyed, but its presence in peak 2 was evident from the higher absorbance of this peak at 226 nm. Thus the amino acid analysis confirmed that the adenovirus proteinase cleaves MSGGAFSW at the glycine-alanine bond giving MSGG (peak 1) and AFSW (peak 2).
MSGGAFSW was digested for 1, 2, 5 and 6 h and the resultant products were separated by TLE. Two spots were clearly seen to increase in intensity as the digestion proceeded (Fig. 2) . These presumably correspond to the tetrapeptides identified following FPLC separation of a similar peptide digest ( Fig. 1 b, lower panel) .
Effects of varying pH and ionic strength on adenovirus proteinase activity
The peptide assay was used to determine the pH optimum of the adenovirus proteinase. The peptide substrate, MSGGAFSW, was incubated with proteinase at pH values ranging from 4.5 to 8-5. The resulting pH curve (Fig. 3) showed that the proteinase operated best at neutral to alkaline pH values (6.5 to 8.5), with a decrease in activity below pH 6. However, proteinase activity could be detected over a broad pH range using the peptide assay and even at pH 4.5 20 % pH Fig. 3 . Effect of pH on proteinase activity determined by the peptide assay. Ten I~1 of 1 mg/ml MSGGAFSW was incubated with 5 ~tl of proteinase for 90 rain at 37 °C at a range of pH values. Triplicate assays were carried out at each pH value. Standard deviation was < 5 %.
of the maximum activity was evident. In contrast, pH profiles obtained using [35S]methioninelabelled pVII as a substrate gave a narrower pH optimum (6.5 to 7.5), with no cleavage ofpVII to VII taking place below pH 5. Our results using the [35S]methionine assay (not shown) were in very good agreement with those of Bhatti & Weber (1979b) .
The peptide and [35S]methionine assays were also used to assess the effect of ionic strength on proteinase activity. The peptide substrate was cleaved efficiently at all ionic strengths (0-025 to 1 M-NaCI), but no cleavage of the 35S-labelled pVII was detected at salt concentrations above 0.2 M. Thus the peptide assay was able to detect proteinase activity at more extreme values of pH and ionic strength than the [35S]methionine assay.
Inhibition studies
The susceptibility of the Ad2 enzyme to known inhibitors of serine and cysteine proteinases was investigated using both assay systems. The results from the [3SS]methionine assay are shown in Fig. 4 and the conclusions from the peptide assays are summarized in Table 2 . The cysteine proteinase inhibitors iodoacetate, PCMB, dithiodipyridine (pH 5 and pH 7.2) and NEM gave complete inhibition in both assay systems (Table 2 and Fig. 4, lanes 2, 3, 4, 8 and 9 ).
In agreement with Bhatti & Weber (1979b) we found that the proteinase was inhibited 35 partially by TPCK and to a lesser extent by TLCK in the [ S]methionine assay (Fig. 4 , lanes 11 and 6). We were not able to test these inhibitors using the peptide assay as their high u.v. absorbance interfered with detection. The usual solvents for PMSF (propanol, dimethyl form-'amide, dimethylsulphoxide and acetonitrile) all proved to have significant inhibitory effects on the proteinase on their own, even at concentrations of 1% (results not shown). As a consequence it was necessary to add solid PMSF to the incubation mixtures. Since this inhibitor is sparingly soluble in aqueous solution, control experiments were carried out using trypsin. Rapid and complete inhibition of trypsin was achieved in the parallel control experiments. In the [35S]methionine assay complete digestion of pVII to VII had occurred after 6 h in the presence of PMSF (Fig. 4, lane 5) . PMSF showed partial inhibition (20%) in the peptide assay at short digestion times, but this inhibition was reversed by DTT (Fig. 5) . Thus the extent of the inhibition by PMSF observed in our experiments was much less than that reported by Bhatti & Weber (1979b) . Neither leupeptin nor SBTI had any effect on proteinase activity (Fig. 4, lanes  10 and 7) . 
Database search
The 23K putative adenovirus proteinase (Yeh-Kai et aL, 1983) was searched against the National Biomedical Research F o u n d a t i o n protein sequence database using the method of Coulson et al. 0987) . N o significant homology with any k n o w n proteinase was found. 
DISCUSSION
The results presented here describe an assay system for the adenovirus proteinase based on a synthetic octapeptide containing the cleavage site from one of its natural substrates, pVI. The assay gives comparable sensitivity to a previously described system (Bhatti & Weber, 1979a) , but is much faster, more convenient and avoids the use of a radioactive substrate. Digestions can be monitored by FPLC to give quantitative data, or by TLE to enable the screening of large numbers of samples for proteinase activity. In addition a [35S]methionine assay system based on that described by Bhatti & Weber (1979a) was developed and this assay served as a useful comparison for the peptide assay.
Using the peptide assay a slightly broader pH optimum was observed (Fig. 2) and it was noted that activity was not affected by high ionic strength, in contrast to the findings with the [35S]methionine assay where optimal activity was at 25 mM-NaC1 . The narrower pH optimum and the inhibitory effects of high ionic strength found in the [3SS]methionine assay are probably a function of the influence of pH and ionic strength on the structure of the pVII protein as well as on the enzyme. It appears then that the peptide assay is able to operate under more extreme conditions of pH and ionic strength, presumably because the peptide substrate has fewer conformational restraints. It is therefore more suitable for investigating the kinetics and inhibition patterns of the proteinase.
Using both the [35S]methionine and peptide assays we found that the proteinase was inhibited completely by 1 mM-iodoacetate, NEM or dithiodipyridine and by 0.1 mM-PCMB. Iodoacetate, NEM and dithiodipyridine at neutral or alkaline pH are general thiol reagents, reacting with the S-anion, so their effects could be at any free thiol group in the proteinase. Thus the inhibition by these reagents suggests that the proteolytic machinery of the adenovirus includes a free thiol, but is not sufficient to prove that it is at the active site of the proteinase. However, inhibition by dithiodipyridine at pH 5.0 suggests the presence of a thiol group with a very low pK. This can be found in the active site of a cysteine proteinase and indeed dithiodipyridine at pH 3 to 5 is regarded as a specific active site titrant for cysteine proteinases (Willenbrock & Brocklehurst, 1985) . Inhibition by 0.1 mM-PCMB is also regarded as a good indication that an active site thiol group is present (Barrett, 1977) . The enzyme was not affected by leupeptin, which will inhibit many cysteine proteinases and also some serine-centre enzymes (Barrett, 1977) . Nevertheless, the results strongly suggest that the adenoviral proteinase is a member of the cysteine class. However, it is still important to consider the effects of the classical serine proteinase inhibitors. Whittaker & Perez-Villasenor (1968) reported that cysteine proteinases can be inhibited by PMSF, but that the inhibition is readily reversed by DTT. They further reported that chloromethyl ketones react at the active sites of both cysteine and serine proteinases. Peptide chloromethyl ketones such as TPCK and TLCK can discriminate between enzymes in the serine proteinase class, but are much less specific, though still effective, inhibitors of cysteine proteinases. Thus the inhibitory effects of TPCK, TLCK and PMSF (Fig. 4) on the adenoviral proteinase are more in line with it being a cysteine proteinase rather than a serine proteinase. The proteinase activity was not affected by SBTI (Fig. 4) , normally a potent inhibitor of serine proteinases. On the other hand, Tremblay et al. (1983) reported that the proteinase actNity found in Ad2-infected nuclear extracts was inhibited by DFP, which is generally regarded as a specific inhibitor of serine proteinases. Although DFP does not inhibit the classical papain-like cysteine proteinases (Bond & Butler, 1987) it has been shown to inhibit the 3C proteinase of poliovirus (Jacobson et al., 1970) which has been classified as a cysteine proteinase (Argos et al.. 1984) . We were unable to assess the effect of DFP on the proteinase in this study owing to the strong inhibitory effects of its solvent, propanol, in both our assay systems.
Taking into account all the results from our experiments and those of Tremblay et al. (1983) and Bhatti & Weber (1979b) , it would appear that the inhibitor profile of the adenovirus proteinase does not fit exactly into the classical serine or cysteine classes (Tables 1 and 2) . A recently identified subclass of cysteine proteinases (Brenner, 1988; Bazan & Fletterick, i988) could provide the explanation for this. Brenner proposed that the chymotrypsin-like serine proteinases have evolved from an ancient subclass of cysteine proteinase. This subclass of Cys active centre proteinases consists of a number of virus-encoded proteinases, including those of the picorna-, como-, nepo-and potyviruses (Argos et al., 1984; Toyoda et al., 1986; Gorbalenya et al., 1989) . Other viral proteinases such as those from the flaviviruses have Ser active centres, but are evolutionarily and structurally related to the aforementioned Cys active centre viral proteinases (Bazan & Fletterick, 1989) . This family of viral proteinases, some with Cys active centres and others with Ser active centres, represents an unprecedented link between proteinases of different classes (Gorbalenya et al., 1989) . If the adenovirus proteinase also belongs to this class then the observations on the one hand that it is chymotrypsin-like (Bhatti & Weber, 1979b ) and on the other that it is a cysteine proteinase may not be totally incompatible. Certainly its inhibitor profile is very similar to that of the 3C proteinases (Jacobson et al., 1970; Nicklin et al., 1986) and it may also be of note that the 3C and adenoviral proteinases have both been shown to have unusual and highly selective substrate specificities. In each case the indications are that the P4, P2 and P~ residues are more important than P1 (Webster et al., 1989; Krausslich & Wimmer, 1988) . [Residues are numbered according to the convention suggested by Berger & Schechter (1970) . The residue contributing its carboxyl function to the scissile bond is designated P1 and is preceded by P2 etc. The residue contributing its amino group is P~ and is followed by P~ etc.]
Site-directed mutagenesis and sequence alignments suggest that His 40, Asp 102 and Cys 147 are the active site residues of the poliovirus 3C proteinase (Gorbalenya et al., 1989) . On the basis of mutant studies it has been proposed that the gene at map position 60.1 to 61.7 codes for the Ad2 proteinase (Weber, 1976; Yeh-Kai et al., 1983; . Examining the sequence of its 23K product we observe a histidine at residue 54 and a cysteine residue at 122 conserved in all the serotypes examined to date Vos et al., 1988) . These residues occupy equivalent positions and are in similar environments to the active centre residues of the 3C and related proteinases. Thus we would suggest that if the 23K protein is the proteinase, then His 54 and Cys 122 are the likely active centre residues. The third residue in the active centre triad (Asp or Glu) could be any one of Asp 102, Glu 89 or Glu 87 with the latter perhaps being the most likely, since the residues on either side are conserved among the adenoviral serotypes Vos et al., 1988) .
This study has served to underline the unusual and mysterious nature of a number of viral proteinases. One reason for this is the lack of analogues amongst well characterized cellular proteinases. However, much of the confusion has arisen from the necessity to use crude assay systems to study most viral proteinases Krausslich & Wimmer, 1988) . Since the control of proteolytic activity is as important to the virus as the proteolysis itself the presence of viral or cellular cofactors should never be overlooked. Such cofactors could be kinases, phosphatases or even proteinases and would switch on or off the proteinase activity as required. True classification of proteinases can only come from assays involving purified enzyme and substrate. We have taken several steps towards this in our studies on the adenovirus proteinase by replacing cellular extracts with peptide substrates and using purified virus as a source of enzyme. Using this system we have endeavoured to examine the effects of a wide range of cysteine and serine proteinase inhibitors on the adenovirus proteinase. We conclude that an active thiol group plays a key role in the proteolysis and would further suggest that a cysteine proteinase is involved.
